Free radical bulk polymerization of styrene and methyl methacrylate (MMA) was carried out using a novel 'macroiniferter' which resulted in branched polymers with relatively narrow molecular weight distribution. This approach involving the novel macroiniferter; poly[3-(tbutylperoxy)propyl disulfide] (PBPPDS) that has side chain peroxide groups and main chain disulfide linkages was developed to prepare soluble branched polymers as well as to control the extent of branching in vinyl polymers synthesized via a free radical route. The synthesis, characterization and thermal degradation studies of PBPPDS are reported here for the first time. The resulting polystyrene (PS) and poly(methyl methacrylate) (PMMA) polymers were characterized using gel permeation chromatography (GPC), intrinsic viscosity [h] measurements and the degree of branching was studied by the determination of g 0 factor.
Introduction
The synthesis of highly branched polymer structures such as dendrimers, stars, and combs has been explored extensively in recent years [1, 2] . This current interest in macromolecular architecture is due to the strong influence of the chain structure on the solution and bulk properties of the macromolecules [2] [3] [4] [5] [6] . The branched polymers have lower bulk viscosity (h) than their linear counterparts and hence it is easy to process them in the molten state. In chain growth polymerization, anionic polymerization has been the widely used approach for synthesizing the branched polymers [7] [8] [9] . This is because of the ability to control the termination step which is required for making many of the branch architectures. However, commercially most polymers are manufactured using free radical polymerization due to the high cost of monomer purification and the stringent reaction conditions required for ionic polymerization.
Though free radical polymerization is widely used, the synthesis of polymers having controlled structure was considered impossible until recently [1] . The 'living' free radical polymerization by TEMPO mediated and the atom transfer radical polymerization (ATRP) methods have shown that it is possible to synthesize narrow dispersity polymers by the free radical method too [1] . However, the initial significant breakthrough to this problem came by 'iniferter' concept introduced by Otsu [10] in 1982. Vinyl polymers with controlled structures were prepared using this concept employing cyclic disulfide as the iniferter [11] .
Different approaches to branching during free radical polymerization include the addition of a small amount of divinyl monomer [12] , vinyl functional initiator [13] , polyfunctional initiator [14] , or vinyl functional chain transfer agent [15] to the polymerization reaction mixture. These approaches, however ultimately would result in gel formation as the polymerization is carried out for extended period of time. A novel approach to eliminate this problem relies on incorporation of latent functional groups into the polymer backbone during polymerization [16] . These functional groups are activated later to couple and form branch points during a post polymerization thermolysis [16] .
Here, the synthesis of branched vinyl polymers via a macroiniferter approach is discussed. The synthesis of a novel macroiniferter with main chain disulfide and side chain peroxide linkages, namely, poly [3-(t-butylperoxy) propyl disulfide] (PBPPDS), is reported for the first time. The structure and energetics of PBPPDS is so designed that in bulk free radical polymerization, the initiation will be through the side chain peroxides, while the main chain disulfide linkages will undergo chain transfer reactions. When the bulk free radical polymerization of vinyl monomers is carried out in the presence of PBPPDS, randomly branched polymers are expected as depicted in the Scheme 2. The initiating and chain transfer ability of peroxide and disulfide linkages, respectively, is well documented [17] [18] [19] . Though the chain transfer behavior of low molecular weight polysulfides are well studied [18] , the utility of polymeric sulfides were not studied until recently [20] . The polymeric sulfides, namely, poly(styrene disulfide) (PSD) and poly(styrene tetrasulfide) (PST), were proved to be efficient chain transfer agents (CTA's) compared to their low molecular counterparts [20] . In conventional free radical polymerization as the concentration of the initiator increases the rate of polymerization also increases, but the molecular weight decreases. Nontraditional polyfunctional initiators such as vinyl polyperoxides are used to overcome this undesirable effect [21] [22] [23] . Further, these are better than the low molecular weight peroxides because of their better control on the molecular weight and polydispersity of the resulting polymers [24] .
The studies on the synthesis and characterization of PBPPDS as well as its 'iniferter-like' behavior in the bulk free radical polymerization of styrene and methyl methacrylate (MMA) are reported here. The vinyl polymers thus produced, namely, polystyrene (PS) and poly(methylmethacrylate) (PMMA), are structurally well characterized by intrinsic viscosity [h] measurements and gel permeation chromatography (GPC). Extent of branching in these polymers is studied by determining the g 0 factor [25] .
Experimental section

Materials
Styrene and MMA were freed from inhibitor by washing with dilute NaOH solution and vacuum distilled. Solvents such as chloroform (CHCl 3 ), carbontetrachloride (CCl 4 ), methanol, benzene, and tetrahydrofuran (THF) were used after distillation. Bromine, 49% HBr solution, and t-butyl hydroperoxide (70%) (Fluka) were used as received. Allyl alcohol was purified by distillation. Allyl bromide was prepared from allyl alcohol as reported [26] .
Characterization
The 1 H NMR spectra, in CDCl 3 , were recorded on a Bruker ACF-200 MHz spectrometer using tetramethylsilane (TMS) as the internal standard. The 13 C NMR spectra in CDCl 3 were recorded on an AMX-400 spectrometer operating at 100.6 MHz using TMS as the internal standard. The FTIR spectrum was recorded on a Bruker IFS-55 spectrometer. The UV spectrum of PBPPDS in CHCl 3 was recorded on a HITACHI U-3000 spectrophotometer. Thermogravimetric analysis was accomplished on a Perkin-Elmer TGS2 thermogravimetric analyzer at a heating rate of 10 8C/min. Differential scanning calorimetric (DSC) measurement of the polymer (10-14 mg) was carried out in nitrogen atmosphere using a Perkin-Elmer 7 series thermal analysis system at a heating rate of 2 8C/min. Electron impact mass spectrum (EI-MS) in the positive mode was obtained at 70 eV using a JEOL JMS-DX 303 mass spectrometer. The sample was introduced by direct inlet probe and it was heated from 25-400 8C at a heating rate of 64 8C/min.
The molecular weight (both weight ð M w Þ average and number-average ð M n Þ) and molar mass distributions ð M w = M n Þ of PS and PMMA samples in THF were measured by GPC with JASCO HPLC pump type PU880, a Varian 5500 apparatus equipped with a refractive index (RI) and multiangle laser light scattering (MALLS) (DAWN-F laser photometer, Wyatt Technology) dual detection. Three TSK gel columns calibrated with PS standards were used. The flow rate of THF (used as an eluent) was 0.7 ml/min. The refractive index increments (dn/dc) were 0.183 ml/g for PS and 0.0870 ml/g for PMMA. Measurements of [h] for PS and PMMA samples were done at 25 8C in THF using Schott-Gerate viscometer.
Monomer synthesis 2.3.1. Synthesis of 3-(t-butylperoxy)prop-1-ene
A mixture of t-butyl hydroperoxide (70%) (0.039 mol), NaOH (0.042 mol), benzene (15 ml), and tetra-n-butylammonium bromide (TBAB) (0.4 g) were stirred for 15 min at room temperature. Allyl bromide (0.039 mol) was then slowly added to the mixture over a period of 30 min and further stirred at room temperature for 4 h. The reaction mixture was washed several times with water to remove the inorganic salts, and then benzene was removed by vacuum distillation to get 3-(t-butylperoxy)prop-1-ene. The yield, based on allyl bromide, was 85%.
1 H NMR (CDCl 3 , TMS): 1.25 ppm (s, 9H, -C(CH 3 ) 3 ), 4.43 ppm (d, 2H, -OOCH 2 -), 5.28 (dd, 2H, CH 2 a), 5.93 ppm (m, 1H, aCH-CH 2 OO).
Synthesis of t-butyl 2,3-dibromopropyl peroxide
To a CCl 4 solution of 3-(t-butylperoxy)prop-1-ene (0.0307 mol) cooled in freezing mixture, Br 2 (0.031 mol) in CCl 4 was added drop wise for 30 min. After the addition was complete, the reaction mixture was stirred for 2 h and then slowly allowed to attain room temperature. Excess CCl 4 was removed using a rotary evaporator and t-butyl 2,3-dibromopropyl peroxide was purified by vacuum distillation. The yield was 90% based on 3-(t-butylperoxy)prop-1-ene. 1 [27] . To a Na 2 S 2 solution in water, t-butyl 2,3-dibromopropyl peroxide (4 mol) in CHCl 3 was added and stirred at room temperature for 24 h in the presence of the phase transfer catalyst, TBAB. Then the CHCl 3 layer was separated, washed with water several times and dried over anhydrous Na 2 SO 4 . The polymer precipitated out when the CHCl 3 solution was poured into a large excess of methanol. The polymer was subsequently reprecipitated twice from CHCl 3 for purification and then vacuum dried to a constant weight.
Bulk polymerization of styrene/MMA with PBPPDS
Bulk free radical polymerization of styrene or MMA (dissolved oxygen in the monomers was removed by flushing nitrogen) in the presence of PBPPDS as macroiniferter was carried out at 100 8C in evacuated and sealed glass tubes. A typical polymerization of the monomer styrene was carried out by taking 8.74 mol/l (5 ml) of styrene in a long glass tube and adding 0.0426 mol equiv./l (1 mol equiv. is the weight of the repeat unit of PBPPDS expressed in grams) of the macroiniferter PBPPDS; the long glass tube was flushed for 15 min with nitrogen to remove the dissolved oxygen in the monomer and then sealed. The polymerization was then carried out at 100 8C for 180 min. The polymerization tube was then broken and the PS polymer was precipitated and purified from benzene using excess of methanol as non-solvent and dried under vacuum to a constant weight. The PS polymer was repeatedly reprecipitated from CHCl 3 solution by methanol and then dried under vacuum before carrying out the GPC analysis (see Table 2 for the GPC data). The resulted PS polymer was characterized using 1 H NMR. The 1 H NMR spectra, in CDCl 3 , recorded on a Bruker ACF-200 MHz spectrometer using tetramethylsilane (TMS) as the internal standard for the PS polymer is shown in Fig. 1(b) .
Results and discussion
3.1. Synthesis, characterization and thermal degradation studies on PBPPDS PBPPDS, a main chain disulfide polymer with pendant peroxy linkages was synthesized by interfacial condensation polymerization as shown in Scheme 1.
The 200 MHz 1 H NMR spectrum of PBPPDS is given in Fig. 1(a) . The spectrum shows two signals: a broad unresolved signal between 1.8 and 4.4 ppm for the backbone CH 2 , CH, CH 2 OO groups, and another signal at 1.13 ppm corresponding to the t-butyl group. There was a deviation from the expected ratio of the intensity of these signals. The intensity of the signal at 1.13 ppm corresponding to the t-butyl group was much less than what was expected. This may be due to the base hydrolysis of the peroxide bond in the side chain to the hydroxyl group. During the interfacial polycondensation, sodium polysulfide in the aqueous medium is known to produce sodium hydroxide [28] . The base thus generated cleaves the pendant peroxy linkages to produce hydroxyl groups, thereby reducing the intensity of the t-butyl groups in the 1 H NMR. The most-likely structure of PBPPDS based on 1 H NMR is given in Fig. 1(a) . 200 MHz 1 H NMR of PS and PMMA obtained by bulk free radical polymerization with PBPPDS as depicted in Scheme 2 is shown in Fig. 1(b) and (c), respectively.
The broad band decoupled 13 C NMR spectrum of PBPPDS recorded in CDCl 3 is shown in Fig. 2(a) and the signal at 28 ppm corresponds to the CH 3 carbon of the t-butyl group. Apart from this well-defined signal, there are broad poorly resolved signals between 30 and 70 ppm. Based on the SEFT 13 C NMR spectrum (Fig. 2(b) ), the signals in the region 32-45 ppm were assigned to the backbone CH 2 carbon. The signals between 45 and 60 ppm were assigned to backbone methine carbon and the signal at 64 ppm is due to the methylene carbon bonded to the peroxide. The quaternary carbon of the t-butyl group resonates at 75.2 ppm.
The FTIR spectrum of a neat film of PBPPDS ( Fig. 3(a) ) shows a strong band near 1044 cm K1 due to the stretching vibration of the peroxide (O-O) group. The broad band appearing at 3400 cm K1 is assigned to the stretching of the hydroxyl group. The high intensity of this band supports the observation made from the 1 H NMR spectra of PBPPDS regarding the presence of pendant hydroxyl groups in the macroiniferter. The aliphatic C-H stretching bands of this polymer appear in the region 2980-2880 cm K1 . In the finger print region, the band at 1190 cm K1 was assigned to the stretching vibration of the C-O bond of the peroxide linkage. Since the C-S and S-S vibrations are generally weak, they were not identified in the FTIR spectrum of PBPPDS.
The Fig. 3(b) presents the UV spectrum of PBPPDS recorded in CHCl 3 . Most of the aliphatic disulfides show UV absorption due to the conjugation of lone pair of electrons on the sulfur atoms [29] . Molecular orbital treatment led to the conclusion that the UV absorption band is associated with an electronic transition from the antibonding p orbital (formed by the combination of 3pp-atomic orbital) to the antibonding s orbital [29] . For PBPPDS, the shoulder band around 280 nm is assigned to the S-S linkages present in the backbone of the polymer.
The thermogravimetric (TG) curve of PBPPDS is shown in Fig. 4(a) . It shows a weight loss from 100 to 350 8C. Between the peroxide (O-O) and disulfide (S-S) linkages, the peroxide linkages are thermally more labile than the latter. The thermal stability of the polyperoxide and polysulfide polymers has been studied extensively [28] . It has been observed that the onset of degradation in a polysulfide polymer occurs at a higher temperature than in a polyperoxide polymer [27] . The first weight loss between 1008 and 210 8C is due to the thermal degradation of the pendant peroxide bonds and the second step of degradation from 210-350 8C corresponds to the degradation of the main chain disulfide linkages.
The EI-MS of PBPPDS, recorded at 70 eV, is presented in Fig. 4(b) . The advantages of direct pyrolysis mass spectrometry (DP-MS) in identifying the primary pyrolysis products to obtain information about the most thermally labile bonds in polymers have been established [30] . In addition, in polysulfide polymers, the DP-MS technique has been proved to be useful in understanding the microstructure of the polymer in terms of the 'rank' (which is the average number of sulfur atoms in a polysulfide linkage which is two for a disulfide linkage) of the polysulfide linkages [31] . The primary pyrolysis products identified are at m/z 130 and 194 whose structures along with that of the other molecular ions detected in the EI-MS are given in Table 1 . The mechanism of formation of the secondary degradation products is discussed in Scheme 3. Since the peroxide bond is thermally more labile than the disulfide bond, the cleavage of the pendant peroxide bond occurs first. Either O-O or C-O cleaves to form the hydroxyl and the hydroperoxyl groups, respectively [23] . The C-S bond is known to be less stable than the S-S bond in a disulfide [27] and hence the formation of two kinds of cyclic products could be explained by considering the cleavage of the C-S bond (Scheme 3).
Some of the cyclic products identified in the EI-MS are reported in Table 1 . The less intense molecular ions at m/z 409 and 393 reveal the presence of minor levels of monosulfide linkages. The formation of the cyclic product observed at m/z 233 as a weak intensity signal could be explained only by considering the presence of very few trisulfide linkages in the backbone of the polymer. The presence of minor levels of mono and trisulfide linkages in PBPPDS apart from the major disulfide linkages is due to the mode of synthesis [32] 3.2. Bulk free radical polymerization of styrene/MMA in the presence of PBPPDS In order to study the role of PBPPDS as a macroiniferter, bulk free radical polymerization (at 100 8C) of vinyl monomers such as styrene and MMA was carried out in the presence of the macroiniferter. Polymerization was carried out at a higher temperature because of the high thermal stability of the side chain peroxide bonds [23] . Conversion versus time plots for the bulk polymerization of styrene and MMA in the presence of PBPPDS are given in Fig. 5 . In both the monomers, the conversion increases with time. The effect of the molecular weight of PS and PMMA on the conversion could be understood from Fig. 6 . The plot of ð M n Þ for both PS and PMMA, prepared using PBPPDS as macroiniferter (0.02 mol equiv./l), against conversion (Fig. 6) shows an increase in ð M n Þ as % of conversion increases. In free radical polymerization in the presence of polyfunctional initiators, the molecular weight increases with conversion due to polymerization-recombination mechanism [24] . Such a process is also reported to bring about narrowing of the polydispersity
M n Þ as a function of conversion shown in Fig. 6 indeed confirms the narrow polydispersity of these PS and PMMA polymers.
The effect of the concentration of PBPPDS on the conversion and ð M n Þ is presented in Fig. 7 . As [PBPPDS] increases, the conversion increases while the molecular weight decreases. The increase in conversion is because PBPPDS is a polyfunctional initiator, while the chain transfer of the growing polymer chain to the main chain disulfide linkages leads to a decrease in the ð M n Þ. The PS and PMMA synthesized using PBPPDS (0.2 mol equiv./l) as a macroiniferter are characterized by 1 H NMR and the spectra are given in Fig. 1(b) and (c), respectively. There may be residual segments of PBPPDS present in these polymers, but the signals corresponding to Table 1  Primary degradation them are not observed in the 1 H NMR due to the very high molecular weight of PS and PMMA (ð M w Þ is reported in Table 2 ).
Branching
As described in Scheme 2, the free radical polymerization of styrene and MMA in the presence of PBPPDS is expected to yield randomly branched polymers. However, the presence of branching in the resulting polymers needs to be examined. Branched polymers generally have higher chain segment density, smaller radii of gyration, and lower hydrodynamic volumes compared to linear polymers with the same composition and molecular weight [33, 34] . These differences are manifested in lower intrinsic viscosity and longer retention volumes by GPC analysis. The most important means of characterizing the extent of branching is through the measurement of dilute solution properties. The classical measure of branching is the Zimm-Stockmayer [35] ratio of the radius of gyration of the branched polymer to that of the linear polymer at the same molecular weight. Estimation of branching is determined from the intrinsic viscosity ratio [25] Table 2 . The g 0 values less than unity indicates that these polymers are all branched. Further, as the concentration of PBPPDS increases, g 0 decreases suggesting that as the concentration of the branching center increases, the degree of branching also increases.
Conclusions
A novel macroinifeter, PBPPDS, with main chain disulfide and side chain peroxide linkages was synthesized by an interfacial polycondensation route and was characterized using various spectroscopic techniques. The 1 H NMR studies indicate the presence of pendant hydroxyl groups in PBPPDS formed by the base hydrolysis of the peroxide bonds, while FTIR studies confirmed their presence. The thermal degradation studies by DP-MS reveal the presence some mono and trisulfide linkages along with the major disulfide linkages in the backbone of PBPPDS. Bulk free radical polymerization of styrene and MMA in the presence of PBPPDS showed an increase in conversion with time as well as an increase in molecular weight with conversion, a characteristic feature of a polyfunctional initiator in free radical polymerization. The chain transfer reactions of the main chain disulfide linkages lead to a decrease in the molecular weight with an increase in the concentration of PBPPDS, indicating that it acts both as an initiator and a chain transfer agent, hence as a macroiniferter, in free radical polymerization. Finally, both PS and PMMA prepared using PBPPDS by a free radical method were shown to be branched polymers based on their g 0 values ( Table 2 ) and polymerization up to a period of 3 h yielded soluble branched polymers. The extent of branching can be controlled by varying the concentration of PBPPDS as displayed in Table 2 .
